Abstract: Seat and aisle interferences are assumed to be linked with a prolonged boarding time along with several other aspects related to airplane boarding such as: luggage handling, luggage distribution inside the cabin, number of passengers, passengers' physique characteristics, group behavior, seat selection, aircraft occupancy, aircraft design, etc. Based on these assumptions, a series of proposed boarding methods, underlying their efficiency starting from the absence or limited presence of these types of interferences, are proposed. The present paper aims to analyze whether the different types of seat or aisle interferences do matter for the overall boarding time by considering 24 boarding methods proposed in the literature. A series of specific elements related to interferences, such as: the average waiting time, the average number of interferences based on their types, and the average number of interference-affected passengers, have been considered. Also, the presence of multiple interferences in different parts of the aircraft has been analyzed in order to offer a complete picture of the considered situation. An agent-based model in NetLogo 6.0.4, fed with values form field trials within the literature is created and used for simulations, which enables the agents to act like real passengers involved in an airplane boarding process.
Introduction
Airplane boarding is a major process with a direct influence on an airline company's total costs. Minimizing the costs is not only contributing to the airline company's sustainability and long term performance but is also influencing the air quality as the airplanes are spending less time in the terminal and the quantity of services offered by an airport without investing in new infrastructure.
A common goal of a series of papers written in the airplane transportation area is to minimize the time needed for passengers to board the aircraft, as a major component of the airplane turnaround time [1] [2] [3] [4] . Recent data published by Eurocontrol [5] showed that the average delay time per airplane, in Europe has increased by 9.11% in 2017 compared to 2016, reaching a level of 12.4 min of delay. Translating the average delay time into costs, by considering $53.5 per minute as reported by [6, 7] , it results in approximately $663.4 for each flight made within a year. Knowing that the number of flights are over 10, 190 ,900 flights per year [5] only in Europe, the amount generated by the airplane delay becomes considerable within the whole industry.
Thus, over time, a series of boarding methods have been proposed having the purpose of minimizing the airplane boarding time. Each of these methods have taken into account one or several of the following aspects: luggage handling and distribution in the cabin [8] [9] [10] [11] [12] [13] , disturbance overall airplane boarding time. The results are analyzed in Section 4, alongside data analysis and discussion. Some general conclusions are provided at the of the paper along with a list of references. 
Brief Summary of Boarding Methods and Interferences

Boarding Methods
A brief summary of the most well-known boarding methods is presented in Table 1 in accordance with the literature [9] [10] [11] 16, [27] [28] [29] [30] . Some of the considered boarding methods are also depicted in Appendix A. Table 1 . Short description of the considered boarding methods.
Classification Boarding Method Code Boarding Strategy
Random
Random with assigned seat BS1
Each passenger has an assigned seat on the boarding pass. The passengers are arriving in a random order for boarding. Once inside the aircraft, they are searching for their seat.
By group
Outside-in BS2
Is a by group strategy, often known in the literature as WilMA (Window-Middle-Aisle). According to this boarding strategy, there are three groups of passengers: the first one made by the passengers having seats near the window (seats marked with A or F), the second group by the passengers having the seats in the middle (letters B and E) and the last group by the passengers with aisle seats (letters C and D). The groups are invited one by one inside the aircraft.
Window to aisle half block BS3
Similar with outside-in with the only difference that the seating is made first in one side of the aisle, starting from the window to the aisle (seats with letter F, E and D), and then in the other side of the aisle (featuring seats first near the window, letter A, then middle, Letter B, and last near the aisle, letter C). Thus, six boarding groups are possible.
Window to aisle alternate BS4
Similar to the outside-in in which one is alternating the groups: the passengers near one window board first, e.g., having letter F on their tickets, then the passengers near the other window, letter A, followed by the middle seats, letters E and B, and last, passengers with aisle seats, letters D and C, which conducts a total of six boarding groups.
Reverse pyramid BS5
According to this method, a portion of the window seats located in the back of the airplane are loaded first, then, the rest of the seats near the window and another part of the middle seats are loaded. The loading continues diagonally until all the passengers' groups are loaded. Reverse pyramid half-zone (1) BS6 A reverse pyramid loaded on half zones, also diagonally, for a total of 8 boarding zones. Reverse pyramid half-zone (2) BS7 Also in half-zones, but considering 10 zones. 
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Random with assigned seat BS1
Each passenger has an assigned seat on the boarding pass.
The passengers are arriving in a random order for boarding. Once inside the aircraft, they are searching for their seat.
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Window to aisle alternate BS4
Reverse pyramid BS5
According to this method, a portion of the window seats located in the back of the airplane are loaded first, then, the rest of the seats near the window and another part of the middle seats are loaded. The loading continues diagonally until all the passengers' groups are loaded.
Reverse pyramid half-zone (1) BS6 A reverse pyramid loaded on half zones, also diagonally, for a total of 8 boarding zones. 
Classification Boarding Method Code Boarding Strategy
Reverse pyramid half-zone (2) BS7 Also in half-zones, but considering 10 zones.
Back-to-front BS8
The passengers are divided into groups of about 1/5 of the aircraft and are invited to board according to their group, starting from the back of the aircraft.
Back-to-front mix BS9
The first group invited to board is located in the rear of the airplane, while the second one is in the middle. A third group boards in the front followed by a group in the middle-back again and a last one in the middle-front.
Front-to-back BS10 Starts with a first group in the front of the airplane, then in the front-middle, middle, middle-rear, and rear.
Half-block (back-to-front) BS11 Similar to back-to-front but on half-aisles.
Half-block mix (1) BS12
It considers boarding first the last group on one side of the aisle, then the second-back group on the other side in diagonal, then, the middle group on the first side, a middle-front group in the second side and last, a front group on the first side. Then, it continues from the back to the front for the remaining groups in the same manner. As a result, 10 boarding zones are needed.
Half-block mix (2) BS13
It is similar to applying back-to-front in one side of the aisle and then applying it to the other side of the aisle, for 10 boarding zones, 5 on each side.
By row front-to-back BS14 By 6 seat rows, starting from the first row of the airplane and moving up row-by-row until the last row in the back of the airplane is reached.
By row back-to-front BS15 By 6 seat rows, starting from the last row of the airplane and moving row-by-row until the first row in the front of the airplane is reached.
By half-row front-to-back BS16 Similar to front-to-back, but considering first one side of the aisle and then the other side (by 3 seat rows at a time).
By half-row back-to-front BS17 Similar to back-to-front, but considering first one side of the aisle and then the other side (by 3 seat rows at a time).
Rotating zone BS18
Considering five zones, the boarding order is: first group in the middle of the aircraft, then the second one in the front, the third one in the back, the fourth in the front-middle and the fifth one in the middle-back.
Modified optimal BS19
Consider four zones. One zone is made by all the passengers having odd numbers on their tickets and placed in one side of the aircraft. The second group has the same rules, but is located on the other side of the airplane. The thirst one has the even numbers on the boarding tickets in the first side of the aisle, while the last group has the even numbers on the other side of the aisle.
Non-traditional BS20
In general, this is composed of three equal zones (depending on the side of the airplane) and a fourth zone which is considerably smaller (formed by 3 rows).
The passengers of the smaller zone located in the middle-back side of the aircraft are boarded first, followed by the ones in the middle zone, then front zone and last, the rear zone. 
By seat
Back to front by seating order BS21
The first occupied seat is located in the last row of the aircraft near one of the windows, while the second one is near the other window. After that, the middle seats in the last row are occupied in one side and then in the another side of the aisle, followed by the aisle seats. Once the last row is complete, the second-last row is filled-in based on the same rule. The last passenger boarding will have an aisle seat in the first row of the airplane.
Descending order BS22
It completes seat-by-seat the places near one window starting from the back of the airplane until the front and then, the seats near the other window are filled-in seat-by-seat also from the back to the front. One will proceed in the same way with the middle and then with the aisle seats.
Steffen BS23
Similar to a descending order with the only difference being that the window seats are boarded seat-by-seat first on the odd rows, them on the even rows, and after that the middle seats on the odd rows, middle seats on even rows, aisle seats on odd rows, and last, even seats on even rows.
Variation in Steffen BS24
Similar to the descending order with the only difference that the window, middle and aisle seats are boarded seat-by-seat only on the odd rows until all the odd rows are filled in. After that, the scheme continues in the same manner for the even rows.
Types of Interferences
Two main types of interferences are acknowledged in the literature: aisle and seat interferences [20, 31, 32] . The aisle interference is defined as the situation in which a passenger blocks the aisle during the boarding time. This situation arises, in most of the cases, due to the fact that one of the passengers needs time to store the luggage in the overhead compartment. In some cases, the aisle interference may be due to the fact that a passenger needs to enter the row and occupy his, but this is not generally acknowledged in the literature, thus, we shall not consider this situation within this paper [20] . As for the time needed to un-block the aisle in this type of interference, Qiang et al. [32] determined a time of 25 s, while Schultz [31] established a time of 13.9 s. Considering Kierzkowski and Kiesel's paper [4] , one can distinguish between the time needed by a passenger to store cabin luggage, also seen as a big hand luggage, and to place outwear, often seen as similar to small hand luggage. The authors present in their paper the cumulative distribution functions for both types of luggage. This approach can be useful in agent-based modelling and simulation as it offers the possibility to endow the agents' with different values for the storing luggage property, bringing their behavior closer to real-life passengers.
The seat interference, also known as the "row interference", occurs when a passenger has to wait for one or two passengers seated on the same row to clear his path to his assigned seat. In this case, several seat interference situations may appear as they are presented in Figure 2 .
In type 1 seat interference, the passenger having the seat near the window is occupying the aisle for a longer period of time than in the other three cases of seat interference as he needs to wait for the two passengers located on the same row on the middle and aisle seat to clear his path. A total of nine movements are needed in this case for the two passengers to step out of the row, for the passenger with a window seat to reach his place and for the two passengers to re-enter the row and take their initial sitting positions. According to the field trial conducted within the literature it has been established that type 1 seat interference blocks the aisle for an average time of 22 s, ranging between [20, 26] s [31] . Type 2 seat interference appears when a passenger needs to sit near the window, but the middle seat is occupied. In this case, the passenger located in the middle seat needs to exit the row, wait for the passenger with the seat near the window to take his place and then to return to his initial position. A number of 7 movements are required in this case, which makes the time needed to unblock the aisle to be equal to 11 s, ranging in [10, 13] s [31] .
Type 3 and 4 seat interferences refer to the situation in which a person is seated near the aisle and another passenger needs to take the window or middle seat. Even though the two type of seat inferences require a different number of moves until both passengers are seated, namely five and four movements, the time associated to these two interferences is equal as the additional move present in type 3 is made by the passenger located near the window inside the row, thus, it is not affecting the overall aisle blocking time. Field trials have shown similar results in terms of time: Schultz [31] found an average interference time of 10 s, ranging between [9, 13] s, while Qiang et al. [32] reported an interference time of 7 s. The small difference among the two studies regarding field trials may be due to the fact that Schultz [31] also considers a delay time that is needed for a passenger to sit equally on an average of 3 s, ranging between [2, 4] s, which, when extracted from the seat interference time, gives the same value as reported by Qiang et al. [32] .
Agent-Based Modeling in NetLogo
The basis of the agent-based modeling (ABM) is the agent, a computational entity that possesses the state variables and values that enable it to act similar to the entities it models [33] . Due to its properties, such as: autonomy, social ability, responsiveness, reactiveness, adaptability, mobility, veracity and rationality, each agent can imitate the actions of real passengers when facing an airplane boarding process [26, 33, 34] . Some of the main advantages of using NetLogo over other agent-based modelling software in the market are highlighted in [28, 34] .
Creating an agent-based model in NetLogo offers a series of benefits that derive from the principles of agent-based modelling, while offering an easy way to write a code section and a graphical interface that enables a proper observation of an agents' behavior at each moment of time.
Over time, the ABM in NetLogo has served as the primary tool when analyzing different entities behaviors in areas such as: transportation [35] [36] [37] [38] , healthcare [39] [40] [41] , social sciences [42] , environmental sciences [43, 44] or emergency situations behavior and crowd movements [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] .
In the following, an agent-based model has been created in NetLogo 6.0.4 in order to simulate passenger behavior when different boarding strategies are applied, with an accent on the total boarding time, types of interferences, affected persons, and time lost due to interferences.
Methodology and Model's Parameters
The model considers an aircraft consisting only of an economy class [11, 12, 17, 19] . The number of seats located on each row is six, while the number of seat-rows is configurable, making the model easily adaptable to different desired simulation situations.
Two types of agents are encountered in the model: the turtles representing the passengers engaged in the boarding process and the patches representing either part of the aisle or seats in the aircraft. Depending on the type of agent, different properties are possible. For example, the patches possess fewer characteristics than the turtle agents, mainly related to their seat-row position and Type 2 seat interference appears when a passenger needs to sit near the window, but the middle seat is occupied. In this case, the passenger located in the middle seat needs to exit the row, wait for the passenger with the seat near the window to take his place and then to return to his initial position. A number of 7 movements are required in this case, which makes the time needed to unblock the aisle to be equal to 11 s, ranging in [10, 13] s [31] .
Agent-Based Modeling in NetLogo
Methodology and Model's Parameters
Two types of agents are encountered in the model: the turtles representing the passengers engaged in the boarding process and the patches representing either part of the aisle or seats in the aircraft. Depending on the type of agent, different properties are possible. For example, the patches possess fewer characteristics than the turtle agents, mainly related to their seat-row position and whether they are part of the aisle, free seat, or occupied seat. On the other hand, the turtle agents have their own speed while advancing down the aisle. They either carry or do not carry luggage, that luggage storage will need a particular storing time. They can be seated or moving. They have an assigned seat row and an assigned seat number. While moving down the aisle, they can adapt the speed based on the agents in front of them and are unable to overpass another agent located on the aisle. Thus, when an agent is engaged in either taking its seat (facing a seat interference) or is loading its luggage in the overhead compartment, all the agents located behind it need to adapt their speed, in the first place by lowering their speed. Also, their speed can reach zero as the agent needs more time to store the luggage or to take its place, sometimes producing a mass disturbance by reducing the speed of several agents in the aisle down to zero. All these agents, which are not able to advance in the aisle due to an interference situation, are considered affected passengers and they will be counted for each type of considered interference.
As a result, each agent can report the type of seat or aisle interference it is engaged with. For the seat interference, once arrived near the assigned row, the agent's speed is reduced down to zero and it is able to examine the state of the seats located near it. Based on its seat position and the other two seats' state, the agent will report the seat interference it is facing through the variable "seating-interference-type". Also, in each simulation moment, one can observe the agent's state by opening an agent monitor and read its properties; as shown in Figure 3 . whether they are part of the aisle, free seat, or occupied seat. On the other hand, the turtle agents have their own speed while advancing down the aisle. They either carry or do not carry luggage, that luggage storage will need a particular storing time. They can be seated or moving. They have an assigned seat row and an assigned seat number. While moving down the aisle, they can adapt the speed based on the agents in front of them and are unable to overpass another agent located on the aisle. Thus, when an agent is engaged in either taking its seat (facing a seat interference) or is loading its luggage in the overhead compartment, all the agents located behind it need to adapt their speed, in the first place by lowering their speed. Also, their speed can reach zero as the agent needs more time to store the luggage or to take its place, sometimes producing a mass disturbance by reducing the speed of several agents in the aisle down to zero. All these agents, which are not able to advance in the aisle due to an interference situation, are considered affected passengers and they will be counted for each type of considered interference. As a result, each agent can report the type of seat or aisle interference it is engaged with. For the seat interference, once arrived near the assigned row, the agent's speed is reduced down to zero and it is able to examine the state of the seats located near it. Based on its seat position and the other two seats' state, the agent will report the seat interference it is facing through the variable "seatinginterference-type". Also, in each simulation moment, one can observe the agent's state by opening an agent monitor and read its properties; as shown in Figure 3 . Also, there might be a situation in which an agent is engaged first in an aisle interference, followed right after by a seat interference of a particular type. In this case, the affected passengers may vary due to different dynamics within the aisle strictly related to other passengers' rules of behavior (e.g., storing luggage or other seat interferences they are engaged with), the model being able to properly identify which of the affected passengers are belonging to each interference type and properly add their number to the total number of affected passengers within the whole aircraft. Also, there might be a situation in which an agent is engaged first in an aisle interference, followed right after by a seat interference of a particular type. In this case, the affected passengers may vary due to different dynamics within the aisle strictly related to other passengers' rules of behavior (e.g., storing luggage or other seat interferences they are engaged with), the model being able to properly identify which of the affected passengers are belonging to each interference type and properly add their number to the total number of affected passengers within the whole aircraft.
All the times considered for boarding, advancing down the aisle and the interference time generated by each type of interference are in line with the values determined in the literature through field trial and are presented in Section 2.2.
Some of the agents' properties have been kept from our previous model for one-door boarding as presented in [28] and some new features have been added by incorporating the field trials data from [4, 12, 31, 32] related to luggage storage and different seat and aisle interferences.
As the time in NetLogo is represented through "ticks" it has been established based on [29, 31] that it counts for 3.7 s in real life. Thus, the discussion in the rest of the paper will be conducted in terms of ticks. In case one, it is interested in the real time, which can be simply computed by multiplying the ticks with the mentioned constant.
Modeling the Boarding Process
The boarding process consists of giving the proper rules to the agents as once they arrive at the front door to be able to proceed down the aisle until the allocated seat. Depending on the chosen method at the beginning of each simulation, which can easily be selected by using the "Boarding-method" slider- Figure 4 , the agents with different seating positions arrive to be boarded. All the times considered for boarding, advancing down the aisle and the interference time generated by each type of interference are in line with the values determined in the literature through field trial and are presented in Section 2.2.
The boarding process consists of giving the proper rules to the agents as once they arrive at the front door to be able to proceed down the aisle until the allocated seat. Depending on the chosen method at the beginning of each simulation, which can easily be selected by using the "Boardingmethod" slider- Figure 4 , the agents with different seating positions arrive to be boarded. A series of monitors are available in which the number of seat or aisle interferences are reported along with their duration, number of affected passengers, and the number of interferences with affected passengers. Also, five histograms, for each type of interference, are available, which can be useful if one wants to observe the parallel interferences within the aircraft in every moment of time.
Data Analysis and Discussions
The simulations have considered the situation in which the A320 airplane is fully-boarded, having 180 passengers. It begins with the with the idea that all of them are carrying at least one small bag, which could also represent some outwear, inside the aircraft. All of the 24 methods presented above have been considered, even though, it is known from the literature that some of them are A series of monitors are available in which the number of seat or aisle interferences are reported along with their duration, number of affected passengers, and the number of interferences with affected passengers. Also, five histograms, for each type of interference, are available, which can be useful if one wants to observe the parallel interferences within the aircraft in every moment of time.
The simulations have considered the situation in which the A320 airplane is fully-boarded, having 180 passengers. It begins with the with the idea that all of them are carrying at least one small bag, which could also represent some outwear, inside the aircraft. All of the 24 methods presented above have been considered, even though, it is known from the literature that some of them are producing not so good results in terms of boarding time, such as all the methods considering the front-to-back boarding approach. We have decided to keep as many methods as possible in order to have a complete picture over the boarding process, in order to decide whether the interferences have a significant impact over the boarding process time.
Figure 5 below provides a simulation snapshot of the boarding process through a random with assigned seats method. A series of videos for each of the 24 methods can be additionally accessed at the following link: https://github.com/liviucotfas/ase-2018-sustainability-interferences. producing not so good results in terms of boarding time, such as all the methods considering the front-to-back boarding approach. We have decided to keep as many methods as possible in order to have a complete picture over the boarding process, in order to decide whether the interferences have a significant impact over the boarding process time. Figure 5 below provides a simulation snapshot of the boarding process through a random with assigned seats method. A series of videos for each of the 24 methods can be additionally accessed at the following link: https://github.com/liviucotfas/ase-2018-sustainability-interferences. The analysis has been carried out first of all in terms of seat and aisle interference. Each of the 24 methods has been run 400 times and the average values gathered through these simulations are presented in Tables 2 and 3 .
Based on these data it can be observed that the method with the smallest boarding time expressed in ticks is by half-row back to front (343 ticks), followed by descending order (355 ticks), half-block mix 1 (373 ticks), half-block back-to-front (379 ticks), variation in Steffen (383 ticks) and Steffen (385 ticks), reverse pyramid half zone 2 (390 ticks) and back to front (396 ticks). On the other verge, the methods such as by row front-to-back (1028 ticks) or by half-row front to back (873 ticks) have scored the highest boarding time.
Data Analysis in Terms of Seat Interferences
As expected, there are a series of methods with zero seat interferences: WilMA (including WilMA half-block and WilMA alternate), reverse pyramid (including half zone 1 and 2), back-to-front by seating order, descending order, Steffen, and variation in Steffen. The absence of seat interferences derives right from their boarding rules.
By analyzing the numbers in Table 3 it can be seen that even though the boarding method back to front by seating order was expected not to have any seat interferences, type 2 and type 4 are encountered in a small number of cases. This is due to the fact that while two passengers having the seats in the same row, which are finding themselves consecutively in a queue, are placing their luggage in the overhead compartment, it might happen that the passenger located in the middle or in the aisle to store faster its luggage, which will enable it to take its seat. The other passenger, which needs more time to store the luggage will take the seat after the passenger located behind him has done this, conducting an involuntary seat interference. This situation might also arise in real life situations due to the fact that the free space in the overhead compartment is not located just above the row of seats, which can facilitate small interchanges among passengers and therefore, some type 2 and type 4 seat interferences may appear. As seen from Table 3 these cases are quite rare within a boarding process, having on average just one seat interference of each type within a simulation.
In the following, we shall exclude the methods scoring zero for the seat interferences from the analysis as this type of interference is not affecting them and we shall return to them in the next subsection dedicated to aisle interferences.
Considering the other methods which have scored non-zero values for the seat interferences, it can be observed that the method by half row from back to front (BS17) scored the best boarding time The analysis has been carried out first of all in terms of seat and aisle interference. Each of the 24 methods has been run 400 times and the average values gathered through these simulations are presented in Tables 2 and 3 .
Considering the other methods which have scored non-zero values for the seat interferences, it can be observed that the method by half row from back to front (BS17) scored the best boarding time among all the methods even though the values for the seating interferences are not zero. Running the model of this method several times, it can be observed that type 1 seat interference can be encountered only once in all the simulations, while the number of affected passengers is the same: 90 passengers in this case (as all the simulations are done on 180 passengers). This situation occurs due to the fact that once the first half of the aircraft (located in one side of the aisle) is full, the passengers located in the second half of the aisle need to wait for the last passenger from the first half to take its seat in order to access the aisle.
Focusing only on seat interference type 1 it can be observed that the methods that succeed have smaller numbers of this type of interference (e.g., BS17, BS11, BS12). They also score better values in terms of boarding time. This is not generally available, as BS19 is scoring a low number of interferences with affected passengers (11 interferences on average), but is still having a higher overall boarding time.
Thus, we can try to analyze the number of affected passengers for this type of interference and one might notice that the number of affected passengers do count in this case. It can be seen that even through BS11, BS12 and BS19 have the same average number of type 1 seat interferences on average, the number of affected passengers is greater in the case of BS19 (365 passengers) than in the case of BS11 (175 passengers) and BS12 (132 passengers)-see Figure 6 . in this case (as all the simulations are done on 180 passengers). This situation occurs due to the fact that once the first half of the aircraft (located in one side of the aisle) is full, the passengers located in the second half of the aisle need to wait for the last passenger from the first half to take its seat in order to access the aisle. Focusing only on seat interference type 1 it can be observed that the methods that succeed have smaller numbers of this type of interference (e.g., BS17, BS11, BS12). They also score better values in terms of boarding time. This is not generally available, as BS19 is scoring a low number of interferences with affected passengers (11 interferences on average), but is still having a higher overall boarding time.
Thus, we can try to analyze the number of affected passengers for this type of interference and one might notice that the number of affected passengers do count in this case. It can be seen that even through BS11, BS12 and BS19 have the same average number of type 1 seat interferences on average, the number of affected passengers is greater in the case of BS19 (365 passengers) than in the case of BS11 (175 passengers) and BS12 (132 passengers)-see Figure 6 . Moving forward to type 2 seat interference, the average number of interferences with affected passengers are almost the same over all the boarding methods, ranging between six and ten interferences on average in a boarding simulation. Thus, the type 2 seat interference might only be important in terms of affected passengers. Thus, considering the passengers' number, the situation is similar to the one encountered in the case of type 1 seat interference for the methods having a frontto-back approach, namely BS10, BS14 and BS16-see Figure 7 .
Also, regarding the BS17 method it can be seen that it has the smallest number of affected persons, namely eight passengers. Considering the number of type 2 interferences for this method, 7 interferences, it can be said that on average, the type 2 interference in BS17 is affecting just one single passenger located on the aisle. This is also the smallest value recorded over all the considered methods in the case of type 2 seat interference.
Type 3 and 4 seat interferences are producing the same delay time, thus, even though we have measured them individually, we can analyze them together. It can be observed that the average number of interferences for type 4 are almost twice than the average number of type 3 interferences for almost all the methods. The smallest number of interferences with affected passengers is scored by BS17 in both type 3 and type 4. Moving forward to type 2 seat interference, the average number of interferences with affected passengers are almost the same over all the boarding methods, ranging between six and ten interferences on average in a boarding simulation. Thus, the type 2 seat interference might only be important in terms of affected passengers. Thus, considering the passengers' number, the situation is similar to the one encountered in the case of type 1 seat interference for the methods having a front-to-back approach, namely BS10, BS14 and BS16-see Figure 7 .
Also, regarding the BS17 method it can be seen that it has the smallest number of affected persons, namely eight passengers. Considering the number of type 2 interferences for this method, 7 interferences, it can be said that on average, the type 2 interference in BS17 is affecting just one single passenger located on the aisle. This is also the smallest value recorded over all the considered methods in the case of type 2 seat interference. Taking into account the cumulative number of interferences with affected passengers, the interval is small across the methods, starting from 17 interferences in the case of BS17 and getting to at most 34 interferences in the case of BS16.
As for the cumulative number of affected passengers (Figure 8 ), relevant differences can be noticed across the methods, having almost the same distribution as type 1 and type 2, namely the front-to-back methods (BS10, BS14 and BS16) score higher values, even in this case. Considering all the seat interferences from above, one can notice that the number of interferences only presents one side of the story, while the number of affected persons makes a difference. One can think that, in the case of the methods that score good boarding times, the average number of affected passengers per number of interferences is smaller than in the other methods' case, this might happen due to the presence of parallel seat interference across the airplane. Thus, we shall discuss this in some of the following subsections. Taking into account the cumulative number of interferences with affected passengers, the interval is small across the methods, starting from 17 interferences in the case of BS17 and getting to at most 34 interferences in the case of BS16.
As for the cumulative number of affected passengers (Figure 8 ), relevant differences can be noticed across the methods, having almost the same distribution as type 1 and type 2, namely the front-to-back methods (BS10, BS14 and BS16) score higher values, even in this case. Taking into account the cumulative number of interferences with affected passengers, the interval is small across the methods, starting from 17 interferences in the case of BS17 and getting to at most 34 interferences in the case of BS16.
As for the cumulative number of affected passengers (Figure 8 ), relevant differences can be noticed across the methods, having almost the same distribution as type 1 and type 2, namely the front-to-back methods (BS10, BS14 and BS16) score higher values, even in this case. Considering all the seat interferences from above, one can notice that the number of interferences only presents one side of the story, while the number of affected persons makes a difference. One can think that, in the case of the methods that score good boarding times, the average number of affected passengers per number of interferences is smaller than in the other methods' case, this might happen due to the presence of parallel seat interference across the airplane. Thus, we shall discuss this in some of the following subsections. Considering all the seat interferences from above, one can notice that the number of interferences only presents one side of the story, while the number of affected persons makes a difference. One can think that, in the case of the methods that score good boarding times, the average number of affected passengers per number of interferences is smaller than in the other methods' case, this might happen due to the presence of parallel seat interference across the airplane. Thus, we shall discuss this in some of the following subsections. 
Data Analysis in Terms of Aisle Interferences
Aisle interference is present in all the boarding method simulations as all 180 passengers engaged in the boarding process are carrying with them inside the aircraft at least one small luggage.
Some of the by-seat methods (such as BS22, BS23 and BS24) score relatively small values for the average number of interferences with affected passengers (7, 23 and 20 interferences) . Even though the number is small, when looking for the actual average number of affected passengers (see Figure 9 ) it can be seen that, at least for BS23 and BS24, it is comparable with other boarding methods which are scoring higher boarding times, such as BS5. Even though these three methods have few aisle interferences the impact of these interferences is high within the whole boarding process as the average number of affected passengers per number of interferences is 80, 55 and 58, which is greater than almost all the other methods (except for BS14 and BS16, which are in a completely different situation, having a great number of affected persons and a great number of interferences, which, on average is conducting to a great number of affected persons per interactions). 
Some of the by-seat methods (such as BS22, BS23 and BS24) score relatively small values for the average number of interferences with affected passengers (7, 23 and 20 interferences) . Even though the number is small, when looking for the actual average number of affected passengers (see Figure  9 ) it can be seen that, at least for BS23 and BS24, it is comparable with other boarding methods which are scoring higher boarding times, such as BS5. Even though these three methods have few aisle interferences the impact of these interferences is high within the whole boarding process as the average number of affected passengers per number of interferences is 80, 55 and 58, which is greater than almost all the other methods (except for BS14 and BS16, which are in a completely different situation, having a great number of affected persons and a great number of interferences, which, on average is conducting to a great number of affected persons per interactions). In Figure 9 we have marked with an intense green the methods without seat interferences. It can be seen that the average number of affected passengers are comparable with the other boarding methods (except for the front-to-back methods). Thus, even though the seat interferences are missing for these methods, the aisle interferences are affecting a great number of passengers.
Data Analysis in Terms of Both Seat and Aisle Interferences
Based on the observations made above regarding the two types of interferences, we might think that the lack of seat interference is creating advantages to some boarding methods such as: BS2-BS7 and BS21-BS24. This is just partially true as seat interferences are not offering the complete picture, due to the fact that these methods also face aisle interference. The aisle interference for the methods without seat interferences is manifested in two ways: first of all through the number of affected passengers, which is comparable to the other methods that are not facing seat interferences, and through the average number of aisle interferences with affected passengers, which is greater for the BS2-BS7 methods and smaller for the BS21-BS24. Having a smaller number of interferences with a higher number of affected persons is not a good situation for the BS21-BS24 methods as the overall passengers affected by each aisle interference is high, conducting to an increase in the overall boarding time, losing in this way the advantage brought on by zero seat interferences. At a bigger scale, the whole result in terms of time is not bad for BS21-BS24. Thus, one might believe that having a higher number of interferences with a comparable number of affected passengers might work worse in terms of boarding time, and this is the case for BS2-BS6, as the overall boarding time is higher than other methods. The only method that seems not to be affected by this "rule" is BS7, which, even though has 108 interferences with affected persons and a number of 1607 affected persons, it succeeds in scoring good boarding times. From here, one might think that there might be more than seat and In Figure 9 we have marked with an intense green the methods without seat interferences. It can be seen that the average number of affected passengers are comparable with the other boarding methods (except for the front-to-back methods). Thus, even though the seat interferences are missing for these methods, the aisle interferences are affecting a great number of passengers.
Based on the observations made above regarding the two types of interferences, we might think that the lack of seat interference is creating advantages to some boarding methods such as: BS2-BS7 and BS21-BS24. This is just partially true as seat interferences are not offering the complete picture, due to the fact that these methods also face aisle interference. The aisle interference for the methods without seat interferences is manifested in two ways: first of all through the number of affected passengers, which is comparable to the other methods that are not facing seat interferences, and through the average number of aisle interferences with affected passengers, which is greater for the BS2-BS7 methods and smaller for the BS21-BS24. Having a smaller number of interferences with a higher number of affected persons is not a good situation for the BS21-BS24 methods as the overall passengers affected by each aisle interference is high, conducting to an increase in the overall boarding time, losing in this way the advantage brought on by zero seat interferences. At a bigger scale, the whole result in terms of time is not bad for BS21-BS24. Thus, one might believe that having a higher number of interferences with a comparable number of affected passengers might work worse in terms of boarding time, and this is the case for BS2-BS6, as the overall boarding time is higher than other methods. The only method that seems not to be affected by this "rule" is BS7, which, even though has 108 interferences with affected persons and a number of 1607 affected persons, it succeeds in scoring good boarding times. From here, one might think that there might be more than seat and aisle interferences when analyzing the overall boarding time and we shall discuss in the next section the boarding rules that govern the boarding process.
As for the other methods (BS1, BS8-BS20), which are already affected by the seat interferences, a higher number of aisle interferences will add time to the overall boarding time, thus, making the cumulative influence even bigger.
Data Analysis in Terms of Boarding Rules
Starting from the idea that there might be more elements influencing the overall boarding time, we thought that it might worth spending some time and investigating in how the boarding time is evolving when no seat interferences are considered nor aisle interferences.
Thus, we have re-run the model 400 times on each method and we have extracted the average boarding time, which depend on the methods' rules. This time, in the model, the passengers walking down the aisle, are not carrying with them luggage. When arriving to their seat they are just jumping on it, without losing time for seat interferences. On the aisle, the same rules apply as they still cannot overpass the passengers in front of them and they must adapt the speed based on their own speed and the speed of the passenger located in front of them.
By isolating the model through extraction of the by seat and by aisle interferences, it can be seen that some methods are just performing better on the same type of aircraft and with the same number of passengers. It can also be observed that all back-to-front methods are reaching smaller values for the overall boarding time (e.g., BS8, BS9, BS11, BS12, BS15, BS17, BS21-see Figure 10 ). As in this case the boarding time depends only on the rules given by each method, one can conclude that the overall boarding time depends also on the boarding rules. Considering the back-to-front methods and running the model step-by-step it can be seen that multiple parallel seating situations are possible, thus when proposing a new boarding method one might include the back-to-front rule approach. aisle interferences when analyzing the overall boarding time and we shall discuss in the next section the boarding rules that govern the boarding process.
By isolating the model through extraction of the by seat and by aisle interferences, it can be seen that some methods are just performing better on the same type of aircraft and with the same number of passengers. It can also be observed that all back-to-front methods are reaching smaller values for the overall boarding time (e.g., BS8, BS9, BS11, BS12, BS15, BS17, BS21-see Figure 10 ). As in this case the boarding time depends only on the rules given by each method, one can conclude that the overall boarding time depends also on the boarding rules. Considering the back-to-front methods and running the model step-by-step it can be seen that multiple parallel seating situations are possible, thus when proposing a new boarding method one might include the back-to-front rule approach. 
Cumulative Data Analysis
After concluding that the boarding rules matter, we have thought to go further and to extract the influence of the seat interference on the boarding time, by eliminating the luggage from the simulations. The values in Figure 11 have been obtained in this case. 
After concluding that the boarding rules matter, we have thought to go further and to extract the influence of the seat interference on the boarding time, by eliminating the luggage from the simulations. The values in Figure 11 have been obtained in this case. Comparing the values with the ones obtained in Figure 10 , it can be seen that no time has been added for the methods whose rules are already considering the existence of no seat interferences. As for the other methods (e.g., BS1, BS8-BS20) the time from seat interferences is considerable in the overall boarding time-see Figure 12 -especially for the front-to-back methods. It can be noticed that for the BS17 method, which is not targeting a reduced seat interference, the additional time produced by the seat interferences is just nine ticks, even though on a boarding process, on average, there are 25 seat interferences when using this method (according to the data in Table 3 ). Thus, the following question arises: how is it possible to have a delay of only nine ticks in a situation with 25 seat interferences? The answer is related to the presence of parallel seat (and/or aisle) interferences and this can be seen from the histogram of all the seat interferences for BS17 in comparison to the histogram for BS14- Figure 13 .
Proceeding in the same way, we have extracted the overall boarding time for the seating interferences situation (data in Figure 11 ) from the data in Tables 2 and 3 regarding the overall boarding time and the data in Figure 14 has been determined. Comparing the values with the ones obtained in Figure 10 , it can be seen that no time has been added for the methods whose rules are already considering the existence of no seat interferences. As for the other methods (e.g., BS1, BS8-BS20) the time from seat interferences is considerable in the overall boarding time-see Figure 12 -especially for the front-to-back methods. Comparing the values with the ones obtained in Figure 10 , it can be seen that no time has been added for the methods whose rules are already considering the existence of no seat interferences. As for the other methods (e.g., BS1, BS8-BS20) the time from seat interferences is considerable in the overall boarding time-see Figure 12 -especially for the front-to-back methods. It can be noticed that for the BS17 method, which is not targeting a reduced seat interference, the additional time produced by the seat interferences is just nine ticks, even though on a boarding process, on average, there are 25 seat interferences when using this method (according to the data in Table 3 ). Thus, the following question arises: how is it possible to have a delay of only nine ticks in a situation with 25 seat interferences? The answer is related to the presence of parallel seat (and/or aisle) interferences and this can be seen from the histogram of all the seat interferences for BS17 in comparison to the histogram for BS14- Figure 13 .
Proceeding in the same way, we have extracted the overall boarding time for the seating interferences situation (data in Figure 11 ) from the data in Tables 2 and 3 regarding the overall boarding time and the data in Figure 14 has been determined. It can be noticed that for the BS17 method, which is not targeting a reduced seat interference, the additional time produced by the seat interferences is just nine ticks, even though on a boarding process, on average, there are 25 seat interferences when using this method (according to the data in Table 3 ). Thus, the following question arises: how is it possible to have a delay of only nine ticks in a situation with 25 seat interferences? The answer is related to the presence of parallel seat (and/or aisle) interferences and this can be seen from the histogram of all the seat interferences for BS17 in comparison to the histogram for BS14- Figure 13 .
Proceeding in the same way, we have extracted the overall boarding time for the seating interferences situation (data in Figure 11 ) from the data in Tables 2 and 3 regarding the overall boarding time and the data in Figure 14 has been determined. It can be observed that even the aisle interferences are adding significant time to the overall boarding time and we are not referring just to the front-to-back methods.
Comparing the histograms in the case of both seat and aisle interferences, it can be observed that more parallel interferences are encountered in BS17 than in BS14- Figure 15 , which might have an impact on the overall boarding time. 
Conclusions
The present paper analyses the potential influence the seat and aisle interferences might have on the overall boarding time by considering 24 boarding methods from the literature. An agent-based model has been created in which the behavior rules for each boarding method have been given to the It can be observed that even the aisle interferences are adding significant time to the overall boarding time and we are not referring just to the front-to-back methods.
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The present paper analyses the potential influence the seat and aisle interferences might have on the overall boarding time by considering 24 boarding methods from the literature. An agent-based model has been created in which the behavior rules for each boarding method have been given to the agents. While inside the aircraft, the agents can face four types of seat interferences and/or aisle interferences.
The agent-based model in NetLogo has been run several times and a series of variables related to seat and aisle interferences have been extracted. Based on them, we have analyzed why some of the methods are performing better in terms of boarding time than other boarding methods.
It has been observed that even some of the methods face no seating interferences as a result of their boarding rules, the overall boarding time encountered in their case is good, but not best. This made us extend the analysis by including, step by step, a single factor influence into the model. For this, we have first considered the influence of the rules that are governing each type of method and we have observed that the methods starting from the rear of the aircraft produce better boarding times in the absence of seat and aisle interference.
Then, the influence of seat interferences were considered by re-running the model for each boarding method and making all the agents board without a hand luggage. This constraint imposed to the model reveled that some of the methods are scoring relatively small delay times while having a significant number of seat interferences. Thus, we have considered necessary the analysis of the interferences' number histogram over the whole simulation time and we have observed that the parallel seating and/or aisle interferences are possible in some boarding methods with a direct impact on the overall boarding time.
The results have shown that some of the best methods present either: (a) no seat interferences and aisle interferences or (b) good boarding rules (for example the one stating that the passengers' boarding should start from the back of the airplane) and aisle and seat interferences.
The method performed better than all the other methods comes with good boarding rules (back-to-front) and a higher number of parallel seat and/or aisle interferences.
Thus, when proposing a new boarding method, one should consider the use of the back-to-front rule along with the possibility of having seat or aisle interferences simultaneously in different parts of the aircraft.
For future research, we aim to test the influence of the interferences on two-door boarding situations. Also, some of the results related to the presence of the seat and aisle interferences will be considered in future research dealing with the development of new methods for airplane boarding using apron buses. Another research direction is the inclusion of a couple of passengers with reduced mobility into simulations or the consideration of the groups located in different parts of the aircraft.
The NetLogo 6.0.4 model can be accessed at the following address: https://github.com/ liviucotfas/ase-2018-sustainability-interferences. Funding: This research received no external funding.
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